Abstract. We design and develop a low-cost pyroelectric detectorbased IR motion-tracking system. We study the characteristics of the detector and the Fresnel lenses that are used to modulate the visibility of the detectors. We build sensor clusters in different configurations and demonstrate their use for human motion tracking.
Introduction
Human motion tracking is primarily concerned with determining the existence and location of humans within certain regions of space. Conventional tracking implementations use IR ͑Ref. 1͒ or regular video cameras, 2 which stream and process large amounts of data to extract the position or identity of the person in the space. While low-false-positive biometric methods typically require close proximity and rely on the analysis of large amounts of high-resolution data, tracking systems, on the other hand, are designed to be distributed over larger areas and trade pinpoint accuracy for reduced sensory and computational requirements. Detection in the 8-to 10-m wavelength region has long been pursued. Thermistors and thermopiles have been used for temperature measurement. Although these components are relatively inexpensive, the circuitry to make them work is not and their response times and SNRs are far from what is desired for motion detection. The pyroelectric effect has been known for more than 24 centuries, but a firm understanding of the underlying physics has been developed only in modern times. 3 Detection of human motion has been done by using pyroelectric detectors that are sensitive to changes in heat flux. These detectors are very attractive for heat detection because of their relatively low cost and they have been widely used in home/office lighting as well as security systems. Pyroelectric detectors have also been used for thermal imaging, 4 guiding robots, 5 radiometry, 6 thermometers, 7 etc. Motion-tracking arrays have been implemented to supplement video tracking 8 as an alternative to expensive thermal cameras. Distributed IR sensor networks have begun to meet these needs, while being both cheap and easy to construct. [9] [10] [11] An IR human-motiontracking system was demonstrated using a thermal imager with an array of 96 pyroelectric detectors. 12 We designed and developed a low-cost IR sensor system that would have applications in biometric tracking and authentication. We use off-the-shelf components to minimize the cost and develop three configurations for the sensor clusters for different applications. We study the receiver response characteristics by modulating the visibility of a pyroelectric detector with Fresnel lens arrays and demonstrate the use of this sensor system in human motion tracking.
System Requirements
We first discuss the requirements of the system for the tracking application. We start by analyzing humans as IR sources for tracking as well as listing the parameters of the humans that are of interest.
Human bodies are very good IR sources. The temperature of a typical human body is about 37°C or 98°F. There is a constant heat exchange between the body and the environment due to the difference in their temperatures. The radiation characteristics of any object can be analyzed using the blackbody radiation curve governed by Planck's law. For a typical human body, this curve is shown in Fig.  1 . We can see that essentially all of the radiation is in the IR region with the peak radiation occurring at about 9.4 m.
The amount of power that the human body radiates within the wavelength range of interest is determined by integrating the blackbody radiation curve ͑Fig. 1͒ over this range. The detector operates in the 5-to 14-m region; using typical values for the area of the human body, the power emitted from the body is estimated to be about 100 W in this wavelength range. This power is radiated isotropically and the amount of power available at a detector at a certain distance from the source depends on the distance as well as the area of the detector elements. IR detectors that are sensitive in the 10-m range would thus be able to detect humans at a fairly reasonable range. Other characteristics of interest include the velocity and the manner in which human motion occurs. Humans walk typically at a speed of 0.5 m / s and run at a speed of 3 m / s. Another attribute in walking or running is the swinging of the arms, which occurs at roughly the same rate as the walk or run. The sensor system must be able to track these events at the rate at which they occur.
The system is designed to localize the position of a single person in a space as the person moves around. This is done using off-the-shelf components to minimize the cost of the system to enable deployment of hundreds of these in a space to perform human motion tracking.
Pyroelectric Detectors
Pyroelectric materials develop a charge in response to a change in temperature. Pyroelectric detectors are widely used in motion detection applications for home security and automation systems. These detectors are commonly available in single-, dual-, or quad-element versions. Pyroelectric detector arrays can also be obtained, but these are generally used for imaging applications. A single-element detector responds to any temperature changes in the environment and therefore must be thermally compensated to remove sensitivity to ambient temperature. Dual-element detectors have the inherent advantage that the output voltage is the difference between the voltages obtained from each of the elements of the detector, which subtracts out environmental effects.
The pyroelectric detector converts incident thermal radiation into an electrical signal. This conversion takes place in three steps-the incident thermal radiation results in a change in temperature, altering the charge density on the electrodes. An electrical signal is generated by a preamplifier or impedance converter. The current generated by incident radiation is proportional to the change in temperature as well as the area of the detector elements. 13 If i P represents the current flowing through the device on which an incident thermal radiation causes a temperature change ⌬T P , then
where p is the pyroelectric constant and depends on the material, and A s is the area of the elements of the detector.
Since detection of human motion is of interest to us, pyroelectric detectors seem ideal since they respond only to changes in the heat flux that is associated with motion. This also helps to cancel out ambient fluctuations. The important characteristics of the pyroelectric detector that we used are summarized in Table 1 .
The power radiated by a human body is radiated isotropically and the power at the detector is a function of the area of the detecting elements as well as the distance between the source and the detector. The maximum range at which the sensor will work can be determined using the noise equivalent power ͑NEP͒ value from Table 1 . This parameter indicates the power level at which the SNR is 1, Fig. 1 Blackbody radiation curve of human body at 37°C. The peak emission wavelength is about 9.4 m. About 52% of the power lies in the 5-to 14-m wavelength band, which corresponds to the wavelength range of detector sensitivity. Signal output ͑mVp-p͒ 3900
Response time ͑ms͒ 500
i.e., the minimum amount of power required to distinguish signal from the noise. The maximum range is determined to be about 100 m, using a detector having an NEP of 0.96 nW. This assumes ideal environmental conditions and noise-free circuits. The practical range would therefore be much less than this theoretical value. Another important parameter is the response time of the sensor to an input stimulus the sensor can respond to. The response time of this detector is about 500 ms, making it suitable for detecting human motion. By suitably modulating the visibility of these detectors using optics and ensuring that the limits of the detector in terms of response time or in noise performance are not reached, human motion can be detected over large areas.
Detector Characterization
We use a dual-element, current-mode pyroelectric detector PIR325 obtained from Glolab Corporation.
14 Using the experimental setup shown in Fig. 2 , the step response and the field of view of the sensor was obtained. An incandescent bulb was used as the heat source with a shutter to modulate the heat flux on the pyroelectric detector. One of the elements was blocked to obtain the step response for a single element. The entire setup was thermally insulated. The response of the detector to a step input is plotted in Fig. 3 .
The equivalent electrical model of a pyroelectric detector consists of a capacitor in parallel with a resistor and a current source. Current flows through the circuit only when there is a change in thermal flux resulting in a change in the capacitance. The response can be approximated by two exponential waveforms due to the capacitive element present in the detector. The rise and fall of the signal voltage can be approximated by the following equation:
where S 0 represents the steady state response of the sensor.
We can see that the response is governed by two time constants, e and t , which are termed the electrical time constant and the thermal time constant, respectively. The frequency response of the detector thus resembles a bandpass filter ͑Fig. 4͒. The upper cutoff frequency is related to the electrical time constant e and controls how fast the detector can respond to an input stimulus. The lower cutoff frequency is related to the thermal time constant t and controls the lowest frequency of the input stimulus that the detector can respond to. For the detectors that we used in all our work, we found the values of t and e to correspond to 0.7 and 2 Hz, respectively. The field of view ͑FOV͒ of the detector was determined using the same setup as in Fig. 2 . The detector was rotated about its axis, keeping the source fixed. A polar plot representing the result is shown in Fig. 5 . The signature difference between the a single-and dual-element design is that the two elements are connected in series opposition, and their signals are subtracted. This creates a region of insensitivity in the middle of the FOV shown in Fig. 5 , corresponding to the region of overlap of the visibility of both the elements of the detector.
The response of the sensor with respect to distance was determined by using a hot soldering iron, modulating the sensor's visibility with an optical chopper. By setting the sensor at different distances, we plot the falloff in the magnitude of the sensor response with distance versus the expected 1 / r 2 dependence in Fig. 6 .
Coded Aperture Arrays
As shown in Fig. 5 , pyroelectric detectors have an angular visibility of over 100 deg but any motion within this FOV does not create a significant change in the thermal flux, resulting in very little response. Detection is enhanced by Fig. 3 Detector response to step input. The step is applied at time t 0 =1.8 s. creating boundaries in space between distinct regions of visibility so that a large response is obtained when the boundaries are crossed. This illustrates the concept of multiplexed sensing and this has many advantages over conventional sensing systems. 15, 16 Coded apertures provide multiplexed sensing by using a coded mask to create visibility patterns in space. This concept has been used to demonstrate human motion tracking with pyroelectric detectors over a 2-D grid. 17 The resolution with a coded mask is increased by decreasing the aperture size of the mask element. This, however, limits the amount of energy that reaches the detector. A trade-off thus exists between the resolution of the system and the SNR that can be achieved.
The response of the detector depends on the incident time-varying power collected by the detector, which in turn depends on the area of the elements of the detector. Since the detector elements have a small area ͑2 mm 2 ͒, the amount of power collected is a very small fraction of the incident power. This situation is further worsened with the use of coded apertures since the collection area is now reduced to the area of each mask element, which is a small fraction of the area of the detector element. Fresnel lens . 6 Characteristics of the response of the dual-element pyroelectric detector with distance ͑from the sensor to the heat source͒ plotted along with the 1 / r 2 plot for comparison. Since the incident power on the detector falls off as the inverse square of the distance from source to detector, the response follows a similar trend.
arrays provide the advantages of increased collection efficiency as well as multiplexed sensing and this will be discussed in detail.
Fresnel Lens Arrays for Visibility Modulation
Fresnel lenses are very good energy collectors and are being used extensively for various applications-magnifying lenses, projectors, car head lights, etc. These lenses are constructed from a conventional lens by dividing the curve into right circular cylindrical segments and translating each segment to the plano side of the lens, creating grooves. They can be molded out of inexpensive plastics with the desired Fig. 7 Beams formed by a single lens on a lens array. The two beams correspond to each of the elements in a dual-element detector and the gap between them is due to the region of insensitivity of the detector ͑Fig. 5͒. transmission characteristics ͑for the required wavelength range͒, making the system thin, lightweight, and inexpensive. Furthermore, lens arrays are easily built by stacking them in different orientations to suit each application. Fresnel lens arrays and pyroelectric detectors are commonly used in motion detection applications for intrusion detection as well as home/office automation and security systems.
To aid in the sensing of motion, Fresnel lens arrays are designed so that the visible space is divided into zones. Detection is enhanced by creating distinct regions of visibility. Each of the lenses on the array creates a single cone of visibility to the detector, depending on the focal length and the size of the detector elements. However, with a dualelement pyroelectric detector, the cone of visibility is divided into two distinct zones, corresponding to each of the lobes in Fig. 5 , as illustrated in Fig. 7 . The response obtained when crossing one beam is exactly the opposite of that obtained by crossing the other. For the sake of convenience, we designate the beam that results in a rise and then fall in the detector response as a person enters into it as positive ͑+͒ and the other beam as negative ͑−͒. The order of occurrence of these beams depends on the path direction. This visibility pattern can be considered to have four boundaries-the leading and trailing edges of the ͑+͒ and the ͑−͒ beams. The detector responds to crossing of each of these boundaries, depending on the direction of motion.
Characterization of Fresnel Lens Array
We use the Animal alley array, AA0.9GIT1, a commercially available lens array obtained from Fresnel Technologies Inc. 18 The material of the lens is such that it has suitable transmission in the 5-to 10-m wavelength range. The detector response observed from one lens aperture with one person walking across it is a positive and negative peak, as shown in Fig. 8͑a͒ . This response is essentially what is obtained when the four boundaries, as already discussed, have been crossed. When the person moves in the opposite direction, the response is exactly the same but with opposite polarity, as shown in Fig. 8͑b͒ . This gives information about the direction of motion of the source, assuming that the orientation of the detector is previously known.
The FOV of the Fresnel lens array was characterized using a hot soldering iron as a source of heat that closely approximates a point source. The sensor was mounted on a rotation stage and an optical chopper was used to modulate the input heat flux to the detector. The sensor was rotated about the detector axis and the FOV of lens array was char- acterized. This is illustrated in Fig. 9 and a summary of the different parameters of this lens array are shown in Table 2 .
Signal Analysis
When a person walks across the FOV of a single Fresnel lens, a positive and negative peak is obtained from the detector ͑Fig. 8͒. Thus, motion across the FOV of a lens array results in a series of positive and negative pulses. The sensor response obtained when a person walks across the FOV of one lens array at a distance of 2 m from the sensor is shown in Fig. 10 . From this plot, certain information about the motion can be inferred. The presence of a person is obvious from the signal obtained from the detector. The direction of motion relative to the sensor can be inferred if the orientation of the sensor is known. The angular velocity of the source could also be determined if we assume that the person walks across the detector FOV at the same speed without changing the direction of motion. With reference to Fig. 9 and Table 2 , it can be seen that the angular range traversed in the time between two adjacent positive or negative peaks is 9 deg or 0.15 rad ͑2A + B + C͒. Knowing this range, the angular velocity can be determined from the sensor response by looking up the time between two adjacent peaks. For example, from Fig. 10 , the angular velocity can be calculated to be 0.15 rad/ s and assuming the source moving at a constant velocity at a distance of 2 m across the FOV, the linear velocity is determined to be 0.31 m / s. With one detector and lens array, the direction and the velocity of the source can be estimated. Using multiple detectors and lens arrays having overlapping FOVs and different orientations, human motion can be tracked over an enclosed space. We also analyzed the spectral content of the raw sensor signal to classify people and their actions. 19 7 Sensor System Hardware The signal conditioning involves filtering the sensor signal followed by amplification and digitization. We use a bandpass filter to restrict the signal between the frequency band 1 to 100 Hz. The amplification of the signal is provided by two stages, with a maximum gain of 40,000. An extra input to the second-stage amplifier was provided to adjust the dc offset after the first amplification. The amplifier board handles eight channels simultaneously, corresponding to the number of detectors used in each sensor module. With the optimal gain settings, the maximum distance over which detection is achieved is about 12 m for a typical human source. The Texas Instruments MSP430F149 was selected for our platform to handle digital sampling, processing, and transmission/collection of the data. It runs at 20 MHz and contains 64 K of total onboard memory, available either for programming instructions or data storage. It features a C language compiler for easy programming, and uses memory-mapped registers that facilitate the control of an onboard 12-bit, eight-channel analog-to-digital converter ͑ADC͒ and a universal asynchronous receiver/transmitter ͑UART͒ serial interface. The sampling frequency of the ADC is about 166 Hz, well above the frequency of the human motion being tracked. Each microcontroller is augmented by a TRF6901 daughter board that controls a twomode dual-antenna radio transmitter that provides us the facility to transmit data from each of the sensor clusters through a wireless or via serial communication. The three different sensor configurations designed are shown in Figs. 11-13 . In one configuration, the detectors and lens arrays were arranged around a circle to provide a full 360-deg visibility. This system has potential applications in monitoring the periphery of military installations. A single cluster of eight detectors ͑Fig. 11͒ could be used to coarsely identify the direction of motion and with the help of more than one cluster, the resolution of the tracking system would be improved. Another configuration is the ceiling mount type ͑Fig. 12͒, which monitors the space by looking at boundary crossings across the cells created by the lens array. We are currently developing the third configuration that uses a single Fresnel lens per detector. A sensor cluster is being developed with the detectors arranged along a sphere with any desired orientation, as shown in Fig. 13 . Each detector on the cluster would monitor a small spatial region and motion can be tracked using information from multiple sensors on the cluster as well as from other clusters. The sensor support structure for holding the lens array as well as the pyroelectric detector were designed in a CAD program and fabricated with a rapid prototyping machine to provide an easy mechanism for mounting the multiple lenses on each platform while enabling us to experiment with different lens orientations.
Important aspects from the sensor deployment are communications and synchronization. Data from each of the nodes must be collected and processed in real time, and this must be done in the most efficient way possible-to minimize both energy consumption and computation cost. Each node on the network is assigned a unique ID to be able to identify it. Each of the transceivers in the sensor modules are programmed to transmit at a unique frequency between 888 and 928 Mhz at programmable transmission data rates from 19 to 76 K bits/ s. The data packet contains the source ID, the destination ID, and a checksum field for error detection.
Human Tracking
We demonstrate human motion tracking using two radial type of sensors ͑Fig. 11͒. Each of these sensor nodes ͑slaves͒ transmit data to a central receiver ͑master͒, which aggregates all the data and sends it to a host computer for processing or display. The tracking strategy for distributed sensors includes event detection, event registration, motion inference, and trajectory smoothing. In this implementation, the event detection is done in the embedded microcontroller of the slave sensor node. The master node synchronizes the events registered by the different slave nodes and implements a hidden Markov model to register and smooth the received event data. A bandpass sine filter is used for event detection and signal digitization. Motion inference is done by converting the data received from each sensor node into angular displacements. The angular information obtained relative to each node is then converted to Cartesian coordinates using a grid approximation to display the trajectory of the target. Using a two-sensor-node setup ͑Fig. 14͒, Fig. 15 demonstrates the tracking of a single person with a person walking across the FOV of both nodes. A detailed description of the setup, including the simulated and experimental results can be found in Ref. 20 .
Another approach uses each sensor as a tripwire, treating each sensor's visibility region as a planar slice. 21 Sensor clusters ͑ceiling type͒ are mounted on the ceiling at a height of 6 m, looking down, their plane of visibility projecting to a boundary line on the floor below. The 2-D floor space is decomposed into polygonal regions by splitting an initial polygon with each sensor boundary line. Each polygon represents a spatial resolution element; a hot source moving within the region will not trigger any sensors. If a source moves between adjacent regions, the sensor whose line forms the boundary will be triggered.
We model this system as a neighborhood graph, where vertices in the graph correspond to polygon regions ͑them-selves a collection of spatial vertices͒, and connecting edges correspond to sensor lines. Tracking is accomplished by recognizing that motion within the space corresponds to sequences of sensor triggers ͑as their lines are crossed͒; by recognizing sequences we can determine the path of sources present in the space. We demonstrate tracking of a single person walking in the space, and a snapshot of the estimated position of the person is shown in Fig. 16 . Each line represents the visibility of one sensor, as mapped on the floor, and black dots correspond to the position of the person as estimated by the sensor system. The lines joining these dots are drawn to represent the trajectory of motion of the person.
Conclusions
We designed and developed a low-cost sensor cluster for tracking human motion using off-the-shelf components. The sensor system can detect human motion over large areas at distances of over 12 m. Pyroelectric detectors are inexpensive and most commonly found in motion detectors in security or home automation systems. Fresnel lens arrays are made of inexpensive plastics and can easily be molded to implement the desired spatial segmentations. We characterized the behavior of the dual-element pyroelectric detector as well as the Fresnel lens array. The data obtained from the sensor enables us to extract velocity information as well as the direction of motion. By using multiple sensor clusters in different orientations, we demonstrated human motion tracking.
